Frontotemporal lobar degeneration is responsible for the cognitive abnormalities seen in patients with ALS. We sought to evaluate the in vivo neurochemical changes associated with this pathology indicative of neuronal loss and gliosis.
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The pathologic changes of FTLD include atrophy of the frontal and temporal lobes, neuronal loss, gliosis, and superficial spongiform degeneration. 5, 6 Neuronal inclusions in FTLD associated with motor neuron disease are ubiquitinimmunoreactive and -and ␣-synuclein negative. Such inclusions are present in both cognitively intact and cognitively impaired patients; however, the changes are more widespread in cognitively impaired patients, 7 with the greatest abnormalities in the cingulate gyrus 5 where there is also neuronal loss. 8 TDP-43 is present within ubiquinated inclusions in cases of FTLD without motor neuron disease as well as in sporadic ALS with or without cognitive impairment. 9 Thus, clinical, pathologic, and molecular evidence support there being common pathogenic mechanisms in the spectrum of disorders with FTLD.
An objective and sensitive biomarker is needed to detect extramotor involvement in ALS in vivo. Imaging studies have shown promise in this regard by demonstrating gray matter loss by voxel-based morphometry, 10, 11 decreased cerebral perfusion by single-photon emission CT 12 and by PET, 13 and decreased gamma-aminobutyric acid (A) receptor 14 binding sites with PET. MR spectroscopy studies are few, but they have revealed impaired neuronal integrity indicated by reduced NAA. 2, 15, 16 Whereas MRS studies have documented mIns in the motor cortex to be elevated, [17] [18] [19] there are no studies quantifying this glial marker in the PFC.
We hypothesized that ALS would be associated with neurochemical abnormalities in nonmotor frontal brain regions and that these would be associated with cognitive dysfunction. MR spectroscopy was used to measure NAA and mIns in the PFC in patients with ALS. Furthermore, we assessed the NAA/ mIns ratio as a biomarker of degeneration compared with the individual metabolites NAA and mIns.
Materials and Methods
Patients fulfilling the revised El Escorial criteria 20 for "possible,"
"probable," "probable laboratory-supported," or "definite" ALS and healthy controls were recruited from the University of Alberta ALS Clinic. Subjects with a prior history of cerebrovascular disease, head trauma, epilepsy, or psychiatric illness were ineligible. Participants gave informed consent and the study was approved by the Health Research Ethics Board.
The ALSFRS-R was used as an indicator of global disease status. Letter F fluency was evaluated because it is a sensitive screening measure of cognitive impairment in ALS, 21 and the ACE 22 was administered as a general cognitive assessment tool considered appropriate for use in patients with ALS.
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MR Imaging and Spectroscopy
Because of the technical challenges in resolving the strongly coupled resonances of mIns on typical MR imaging systems, we conducted experiments at high magnetic field (3T) and used MR images designed for its optimized detection and quantification. An 80-cm bore magnet (Magnex Scientific, UK) was used with actively shielded gradient coils and an SMIS console (Surrey Medical Imaging Systems, Surrey, United Kingdom). A standard quadrature birdcage head coil was used for both RF transmission and reception. Data were acquired by using single-voxel localized proton MRS. The voxel measured 25 ϫ 25 ϫ 30 mm and was centered in the mesial PFC anterior to the genu of the corpus callosum (Fig) . Details of the locally developed metabolite-specific sequence used have been published previously. 23 This sequence optimizes the evolution and quantification of resonances arising from the metabolites of interest, while minimizing the contribution from metabolites that in standard spectroscopy protocols complicate the spectrum. It targets the weakly coupled resonance of mIns at 4.06 ppm rather than the 3.56 ppm resonance that has traditionally been studied; quantification of the 3.56 ppm resonance is complicated by its strong coupling and overlap with a glycine singlet and the coupled resonances of threonine and choline containing compounds. 24 This sequence was modified from our previously reported 23 method to incorporate a dual-resonance selective RF pulse within a point-resolved spectroscopy sequence for the selective detection of NAA in addition to mIns. Spectral acquisition parameters included TR ϭ 2.4 s, TE ϭ 132 ms, number of averages ϭ 64, sweep width ϭ 2.5 kHz, and number of sampling points ϭ 2048. LCModel software 25 was used to analyze the spectra, by using model spectra of mIns and NAA that were calculated with quantum mechanical simulation incorporating the shaped RF and gradient pulses. 26, 27 Fractions of gray matter, white matter, and CSF within the voxel were determined by using 1D projections of the water signal intensity from the selected volume. 28 Double inversion recovery at echo times of 24 and 800 ms was used to discriminate between the water signals from the 3 compartments based on the differences in their T1 and T2 relaxation times. Gray matter, white matter, and CSF T1 and T2 values used were 1331, 832, and 4000 ms and 100, 75, and 1100 ms, respectively. Metabolites were normalized by using the water signal intensity as an internal reference incorporating T1 (NAA ϭ 1.3 seconds, mIns ϭ 1.4 seconds) and T2 (NAA ϭ 270 ms, mIns ϭ 150 ms) metabolite relaxation times reported in the literature 29, 30 to produce metabolite concentrations.
Statistics
Group differences in metabolite concentrations were tested with a 2-tailed t test. Relationships with clinical parameters were tested by determination of Pearson (r) correlation coefficients. Statistical significance was accepted for a 2-sided P Ͻ .05. Some subjects deferred further cognitive testing to another day after imaging; however, 1 subject did not return due to an intercurrent illness and subsequent advancing disability, and 2 patients and 2 control subjects were lost to follow-up. Two patients had ALS-FTD, with 1 patient unable to complete the ACE due to cognitive impairment and another scoring 49/100. Excluding these patients, the ACE was not different (P ϭ .3) between patients (89 Ϯ 5) and controls (90 Ϯ 5). The most striking spectroscopic abnormality was a 17% decrease in NAA/mIns (Table 1) . Abnormalities in the individual metabolites, NAA and mIns, were of lesser magnitude and did not reach statistical significance.
There was no significant correlation between NAA/mIns and disease duration, site of onset, ACE, or F fluency. NAA/ mIns declined progressively with higher disease stages ( Table  2) , and spectroscopic indices were markedly abnormal in the 2 patients with ALS-FTD (NAA ϭ 8.45, 5.60 mmol/L; mIns ϭ 6.84, 5.83 mmol/L; NAA/mIns ϭ 1.23, 0.96).
Discussion
High-field MRS was used to determine the status of the neuronal marker NAA and glial marker mIns in the PFC of patients with ALS. Given the known pathologic changes of neuronal loss and gliosis that would result in decreased NAA and increased mIns, it was anticipated that the ratio of the 2 (NAA/ mIns) would be a more robust marker of degeneration than either NAA or mIns individually. Indeed, NAA/mIns was the most abnormal with a decrease of 17% compared with a 9% reduction in NAA and 11% increase in mIns. Notably, these metabolite differences were in a group of patients in whom only 2 had ALS-FTD. The differences in NAA and mIns did not reach statistical significance; however, the trends were in the expected direction as decreased NAA and elevated mIns are consistent with the histologic features of neuronal loss and gliosis present in this region. 7, 8, 31 These trends are also similar to the pattern and magnitude of change reported in the motor cortex in ALS wherein NAA/mIns was reduced 22%, NAA/Cr was reduced 10%, and mIns/Cr was increased 18%. 19 The more pronounced abnormalities in the motor cortex would suggest a greater burden of pathology compared with the frontal lobe, consistent with the pattern of pathologic changes including the distribution of TDP-43 pathology. 7 In vivo confirmation of a spatial gradient in neurochemical abnormalities would require a spectroscopic study measuring metabolites in both regions in the same cohort of patients.
Only one other study has evaluated the mesial PFC with MRS; direct comparison of our findings is not possible because of their statistical analysis that was dichotomized according to regional onset of symptoms without a report of differences in the patients as a whole. NAA/Cr was normal in limb onset patients and reduced in the subset (n ϭ 5) of bulbar onset patients. 2 We did not find a difference between bulbar onset and limb onset patients.
Although the metabolites deviated significantly from the control means in the 2 patients with ALS-FTD, a correlation was not observed with NAA/mIns and cognitive measures. This may be due to the choice of voxel location or the psychometric tests used. The mesial PFC was studied because of its prominent involvement in the ALS-FTD syndrome. 5, 7 Verbal fluency was specifically measured as a sensitive screening tool of cerebral degeneration beyond the motor cortex in ALS. 21, 32 ALS patients with impaired verbal fluency have functional and structural imaging abnormalities in the frontotemporal region, including the anterior cingulate where our voxel was placed: functional MR imaging has demonstrated impaired activation in the dorsolateral PFC and anterior cingulate gyrus during a letter fluency task, 33 and white matter volume is reduced in motor and nonmotor associative tracts in frontotemporal regions and the cingulum. 34 Given these imaging findings, it would be useful to additionally explore correlations of these metabolite indices from the dorsolateral PFC; although it would not be unreasonable to suspect that the degeneration in the mesial PFC is correlated to that in the dorsolateral PFC, this remains to be substantiated by pathologic investigation. At the time of this study, our MRS protocols were not optimized for study of the dorsolateral PFC. A correlation also may have been inapparent due to limited variability in cognitive impairment as evident from the similar letter F and ACE scores in patients and controls. Mesial PFC dysfunction is associated with behavioral changes in addition to cognitive impairments, including apathy and disinhibition. 35 Because such behavioral abnormalities are present in patients with ALS, 36 further study is warranted to determine the association of mesial PFC neurochemistry with behavioral psychometric indices.
A disadvantage of our approach that used a sequence optimized for detection of mIns is that other metabolites of potential relevance in ALS, such as glutamate, could not be detected; separate acquisitions would be required for their measurement. However, the gain in number of metabolites accessible with other methods, namely, those incorporating short echo times, must be weighed with the inaccuracies secondary to spectral overlap and the emergence of peaks from macromolecules and lipids. This study aimed to quantify mIns as accurately as possible. Comparative studies by using other methods are required to explore the issue of spectral yield and accuracy.
Conclusions
Extramotor neurodegeneration in the PFC was demonstrated by high-field proton MRS in patients with ALS. The metabolic differences found reflecting neuronal loss and gliosis were present in a group of patients in whom a minority was demented. Further study is necessary to determine the utility of MRS to provide presymptomatic markers of future cognitive decline and in monitoring frontal lobe degeneration. 
